The unsatisfactory status of the interpretation of the wave function of the Universe in canonical quantum gravity is reviewed. The "naive interpretation" obtained by straightforwardly applying the standard interpretive rules to the canonical quantization of general relativity is manifestly unacceptable; the "WKB interpretation" has only a limited domain of applicability; and the "conditional probability interpretation" requires one to pick out a "preferred time variable" {or preferred class of such variables) from among the dynamical variables. Evidence against the possibility of using a dynamical variable to play the role of "time" in the conditional probability interpretation is provided by the fact {proven here) that in ordinary Schrodinger quantum mechanics for a system with a Hamiltonian bounded from below, no dynamical variable can correlate monotonically with the Schrodinger time parameter t, and thus the role of t in the interpretation of Schrodinger quantum mechanics cannot be replaced by that of a dynamical variable. We also argue that the interpretive problems of quantum gravity are not alleviated by the incorporation of observers into the theory. Faced with these difhculties, we seek a formulation of canonical quantum gravity in which an appropriate nondynamical time parameter is present. By analogy with a parametrized form of ordinary Schrodinger quantum mechanics, we make a proposal for such a formulation. A specific proposal considered in detail yields a theory which corresponds at the classical level to general relativity with an arbitrary, unspecified cosmological constant. In minisuperspace models, this proposal yields a quantum theory with satisfactory interpretive properties, although it is unlikely that this theory will admit suKciently many observables for general spacetimes. Nevertheless, we feel that the approach suggested here is worthy of further investigation.
I. INTRODUCTION Theories typically are formulated in terms of quantities taking values in abstract mathematical spaces. In order to relate these quantities to physical phenomena, one needs an interpretation of the theory. In this paper, by an "interpretation" we mean a description, in ordinary manner. This appears to be the main reason why quantum gravity, even, say, in minisuperspace models where many technical difficulties such as renormalization can be avoided, does not, at present, possess a satisfactory interpretation.
In this paper we shall make a proposal for a version of quantum gravity in which a notion of "time" is present that allows a well-defined formulation of interpretive 40 2598 1989 %=A.e holds, since no satisfactory interpretation exists in that case either, as there are no classical trajectories, and the conserved current j"= -, '(%*V "4 -%V "4") van analogs of the Newton-Wigner operators will exist. Finally, it is far from clear that these ideas can be generalized to spatially inhomogeneous models, since the metric on superspace will no longer have Lorentz signature when there is more than one conformal degree of freedom; i.e. , the resulting superspace metric signature has both multiple plus and minus signs. Thus, at present, this approach does not appear to be viable, although it certainly would appear to be worthy of further investigation.
The basic difficulty with the conditional probability interpretation can be restated in a language which indicates its direct connection to the issue of time is quantum gravity. The basic property that a variable C should satisfy in (1.16) with Lagrangian L of the form L =L(X,dX jdt ), (1.17) where it is assumed that L is nondegenerate in the sense that the relation between momentum and velocity [see Eq. (1.22) below] is one to one. We rewrite this theory in the following manner. We introduce a new "parameter order to be appropriate for "setting the conditions" is that, for each fixed value of C, a measurement of any of the other dynamical variables must yield one and only one value; it is only under this circumstance that one could expect to meaningfu11y talk about probability distributions for these other variables. Thus, for example, in ordinary Schrodinger quantum mechanics, one should expect the particle position variable X to be inappropriate for setting the conditions, because when X=XO, the dynamical variable Y could take on many values (since the particle could be at X =Xo at many different times) or no value (since the particle might never be at X =Xo). As discussed further by one of us elsewhere, ' this property for a variable needed to properly set the conditions for the other variables is a key feature of our intuitive notion of "time, " as is well expressed in the aphorism "time is that which allows contradictory things to occur. " Following Ref. 14 we will refer to this as the "Heraclitian property" of time, on account of Heraclitus' view of the Aow of time as a "war of opposites. " Thus a variable which is suitable for setting the conditions for the remaining variables could reasonably be referred to as a "time variable. " The central difticulty with the conditional probability interpretation is that in quantum gravity the time variable (or various allowed possible choices of time variable) has not been specified. (Such a specification is given in the approach described in the previous two paragraphs, but as concluded above, this approach does not appear to be viable. )
In most theories the notion of "time" that is present at the classical level can be taken over directly in the formulation of the quantum theory. In classical general relativity a spacelike hypersurface in spacetime provides an appropriate realization of the notion of an "instant of time. " Thus, at the classical level, the specification of a foliation of spacetime by spacelike hypersurfaces defines a satisfactory notion of time. The problem with this notion of time is that it is closely analogous to the notion of time in a so-called "parametrized version" of particle mechanics, and this notion of time is unsuitable for use in quanturn theory in the same manner as the time of a "deparametrized" theory. We now shall brieAy review parametrized particle mechanics and the quantum theory based upon it. In doing so we shall also elucidate some of the points raised above regarding the above "naive" and conditional probability interpretations of canonical quantum gravity.
Consider the theory of a nonrelativistic particle moving in one dimension, with dynamical variable X and with t denoting the ordinary (Galilean) (1.37) Thus, the above rules for the canonical quantization applied to our parametrized theory yield the correct equation for %. The above "naive interpretation" applied to this case would demand that 4( T,X) be square integrable with respect to T and X, and would then attempt to interpret 4 as giving the (time-independent) amplitude for measuring T and X. This clearly does not make sense; indeed, there presumably do not even exist any solutions of (1.37) which are square integrable with respect to T and X. The "WKB interpretation" yields results consistent with the standard quantum theory, but, of course, has a severely limited range of applicability. Finally, the "conditional probability interpretation" with T chosen as the variable which "sets the conditions" would assert that, given that the time is T, %(T,X) yields the amplitude for ending the particle at X. If the measure is taken to be dpz=dX, this corresponds precisely to the standard quantum theory of a particle. However, the "conditional probability interpretation" with X chosen as the variable which "sets the conditions" would assert that at given particle position X, %(T,X) should give the amplitude that the time is T. This does not make sense, and thus illustrates the point already mentioned above that only certain variables are suitable for "setting the conditions. "
The analogy with the quantum theory of parametrized particle mechanics may be viewed as supporting the "conditional probability approach" to the interpretation of the wave function of the Universe in quantum gravity, provided that a suitable "time variable" is identified from among the collection of dynamical variables. The probability distribution for Z can be expressed in terms of the unknown parameter t, and techniques of statistical inference (such as the maximum-likelihood @(r;T,X)=X(r; T)$(r;X) and we have (2.2) Hg=(Hr+Hx)Q, (2.3) where Hz-is independent of X, and Hz is independent of T; (ii) "There exists a time r such that the probability of measuring the dynamical variables to be Z is Statements concerning whether this time~came "before" or "after" a time at which certain other measurements were made also would be meaningful.
In general, these meaningful statements may be rather cumbersome to formulate. However, as we shall now explain, if one of the dynamical variables is a "good clock variable, " then meaningful statements can be formulated in a very simple manner (although these statements will have only approximate validity). We say that a dynamical variable, denoted 1, is a good clock Uariabl'e over the interval I=[a"b] of r time if the state vector f and Hamiltonian H satisfy the following two conditions: (i) For all i&I, T (nearly) decouples from all the other dynamical variables, which we denote as X, in the sense that g (nearly) takes the product form to the existence of a "good clock variable" in the above sense.
In condition (i) it should be noted that it is not required that the Hamiltonian operator be generally expressible as H=Hr+Hz, i.e. , there may be states (other than f) for which Eq. (2. 3) fails. In condition (ii), since H is independent of r, it follows from the Schrodinger equation (2.1) that f can depend on~only in the combination f N(r)d~. By redefining T, if necessary, we will assume, without loss of generality, that, in fact, f(r) = f N(~)dr.
Thus, Eq. (2.2) and assumption (ii) imply that g takes the form P(~; T,X) =A. v; T f N-(~)dr P(~;X), (2.4) where for each r, the function A, (r;~) is sharply peaked around zero. Furthermore, Eq. (2.6) where C is constant. By redefining A, and P by multiplying and dividing, respectively, by the phase factor exp[iC f N(r)dw], we may assume that C=O. We also may normalize A, and P so that they each have unit norm in the T and X Hilbert spaces, respectively. Now, since A, (r;~) is peaked sharply about zero, we will make little error in evaluating f(r; T,X) if, in Eq. The factor A, contains the information concerning the probability for obtaining "false readings" from measuring the "clock variable" T. To the extent that the probability for the measured value of T to deviate significantly from f N(v)d~is negligibly small (i.e. , to the extent that T is a "good clock" variable), all the remaining information concerning the system is usefully encoded in %(T,X).
Indeed, to the extent that T is a "good clock variable, "
we have the following simple "interpretation" of %. "If the clock variable is measured to have the value T, then the amplitude for measuring the remaining dynamical variables to have the value X is 4( T, X). " This interpretation, of course, is only an approximate one, and if T is a "poor clock" variable, then one must return to the full wave function P(~; T,X) in order to formulate the predictions of the theory, which would have to be stated in the manner discussed above.
It follows immediately from Eqs. (2.6), (2.7), and (2.8 one can pass to an "efFective wave function" %(T,X) which depends only upon the dynamical variables and satisfies Eq. (2.10), which is formally equivalent to the constraint equation (1.37). Furthermore, one has an interpretation of 4' only in the approximate sense described above; the "exact" interpretation of the theory can only be formulated in terms of the original wave function g(r; T,X).
The relevance of the above discussion for the interpretation of the wave function of the Universe should now be clear. The wave function of the Universe %(a, P) is closely analogous to the "effective wave function" %(T,X), with the Wheeler-DeWitt equation playing the role of Eq. (2.10) . Thus, we propose to view %(a, P) as an "effective wave function" -an approximate concept, valid only when a "good clock" dynamical variable is present. We propose that it arises from an exact theory which possesses a "label time"~and is we11 defined and interpretable in all circumstances. We shall attempt to implement this proposal in the next section by reversing the steps above which led from g(r; T,X) to 4( T,X).
III. A PROPOSAL FOR CANONICAL QUANTUM GRAVITY
In this section we shall explore the possibility that the "exact" quantum theory of gravity is such that a "Heraclitian time parameter"~is explicitly present. In such a theory with time parameter~, if a "good clock variable" is present, we can pass to an "effective wave function" 4, which depends only on dynamical variables, in the manner described in the previous section. Our goal is to obtain a theory whereby this eff'ective wave function satisfies the Wheeler-DeWitt equation, since presumably this would be necessary (and, presumably, also sufficient) for the theory to reduce to general relativity in the classical limit. We shall proceed by making a straightforward propo- be noted that such a measurement will inhuence the probability distribution for the value of the "energy, " i.e. , cosmological constant. Thus, in this theory, observers can, in effect, change the value of the cosmological constant by making measurements.
However, one would expect that the uncertainty in the cosmological constant induced by a measurement would be of order b, A=6,E/V, where AE is the uncertainty induced in the energy and V is the spatial volume of the Universe (which would be finite for a three-torus model), in which case b A would be negligible for any physically realistic measurement.
In the context of minisuperspace models, the only difFiculty with the above theory is its physical viability. It might appear that there is a serious problem in this regard, since it corresponds classically to general relativity with an arbitrary value of A. We know that the observed value of A in our Universe is extremely small ( & 10 ' ), but there apparently is nothing in the theory to protect us from solutions with much larger values of A. However, it should be noted that a similar "cosmological-constant problem" occurs in the usual approach to quantum gravity. There A is a fixed parameter and one could argue that it is natural to set the "bare" value of A equal to zero. 
